Due to the massive calculations of force feedback, and the difficulty in haptic scenes and graphic scenes refreshing, the real-time force feedback interactive technology in virtual model is studied. Based on the research of force feedback simulation model, a mechanical simulation model using material scrapers rate is presented. This model can calculate the scraping of force feedback according to the amount of material per unit time. The effectiveness and stability of this mechanical model is verified by experiments. The influencing factors of calculation precision and accuracy in this simulation model are pointed out. From the investigation on 12 students, we find that virtual model making system is relevant and efficient. The experiment results demonstrate that the adopted method can add an effective haptics to students and can be widely used in computer-aided industrial design field.
Introduction
In the process of product innovation, designer obtains the intuitive perception of physical model through visual, tactile and other sensory organs. Research concerning the real-time integration of physical and virtual models was initiated by Burns who proposed the concept of a Graspable User Interface that could combine physical objects with a virtual environment [1] . Prototyping is the pivotal activity that structures innovation, collaboration and creativity in design [2] . In a broad sense, prototypes can be classed into physical or virtual forms. They are created to finalize aesthetics and ergonomics, as well as to test, evaluate and validate the functional and technical aspects of the design [3] . Grimm argued that physical and virtual prototyping should not be seen as competitive but rather complementary technologies [4] . As stated by Jain, the integration of physical and virtual models should yield shorter development cycles, fewer late-stage errors, and a higher return of investment [5] . While in the Human Computer Interaction (HCI) process, virtual model give real-time force feedback which can produce a similar feeling similar to physical model to the designer. Virtual model is a relatively recent concept in design, and the term was first used 2 Background
Tactile Stimulation and Haptic Responses
The sense of touch is often called the proximal sense in contrast to vision, smell and hearing, which can operate at a distance and through the air. Steven and Green define touch as sensations aroused through the stimulation of receptors in the skin [8] . Touch can be subdivided into two senses, cutaneous and kinesthetic [9] . This is not the case in respect of industrial design and other consumer products, where there is a considerable literature examining the sensory modalities of products. These have encompassed touch perception regarding a material's physical properties (cardboard, flexible materials and laminate boards) [10] ; sensory modalities (e.g., electronics, electric appliances, furniture, sports equipment) [11] ; aesthetic package design [12] ; aesthetic responses to new product design (e.g., refrigerator, telephone, lamp, clock) and aesthetic interaction of intelligent lamps [13, 14] . In general, the sense of touch can only perceive one input at a time, whereas some other senses such as vision can simultaneously perceive a wide array of information [15] . Consumers may feel frustrated or disappointed if they do not have the opportunity to touch and examine the products [16, 17] .
Haptic Force Feedback Technology
The techniques of force feedback interaction initially enhanced the ambience of client-server robot [18] . The operators accepted the force tactile feedback personally [19] . The visual information may increase the burden on the operators, but the force feedback can assist visual organs intensively in reducing 40% of completion time [20] . In recent years, the interactive technology of force feedback has been attached great importance by more and more researchers in different domains [21, 22] . How to use virtual model to express the characteristics of objects simply, truly and accurately is a challenging topic in the field of Human-computer Interaction (HCI) and Computer Aided Industrial Design (CAID). In this paper, a simulation model of real-time force feedback virtual modeling system for CAID field is proposed.
Research Method

Mathematical Model of Surface Contact Force Feedback
The superficial contact feedback force of virtual model can be determined by Coulomb friction [23] .
Definition 1: P 0 and P 1 are the contact points of two objects.
Definition 2: C M is the transform matrix of contact surface. When the handle is moved allodially, C M ensures the consistency between three-dimensional cursor and the operators' perspective in the virtual scene.
N is the normal vector of contact surface, then
According to the law of Coulomb, the Coulomb friction of contact objects' surface is:
In formula (2), M ax Stif f ness is determined by the type of force feedback devices which come from OpenHaptics data base of force tactile. S 0 and S 1 are the stiffness coefficient between two contact objects.
In order to prove the stability and realism of force feedback equipment and avoid the oscillation of equipment, the force feedback interpolation usually should be average and then outputted as:
In formula (3), j is the contact point on the object.
System Algorithm
The virtual system consists of compressed voxel models along X, Y, Z direction. Three dexel models connectedly constitute voxel structure in the form of three-dimensional grid [24] . The compressed voxel models describe all the interior local characters to operate the prototype conveniently and dynamically.
When modeling tools are in motion, they generate new voxel models, which are re-discretized into dexel models along axis X, Y, Z respectively. Therefore, the voxel discretization in virtual model system should be parallelization. Some related analysis methods can be used to determine the deserialization, such as flow dependence, Inverse dependence and output dependence, in order to analyze the interdependencies between the various statements in the algorithm. A serial executive program can be seen as a statement during the analysis of dependence.
Definition 3: P 1 , P 2 , · · · , P k are the set of serial code block composed of one or more statements, I i is the set of all the variables read form the program segment P i , O i is the set of all the variables output form program segment P i .
If, Input variable set and output variable set both meet the Bernstein conditions as below:
Then, code segment P i and P j are independent and can be executed in parallel. In the processes of discretization, the input variable set indicates the start point and direction of the ray [25] .
The value x of the ray in the coordinate plane YOZ is fixed, and its start point is determined by the intersection (y, z) divided by grip of a partition. The ray direction of is the positive direction of axis X, thus once the smallest bounding box and the mesh spacing are determined, all the rays can be determined. That is to say, the input data computed every time is independent and irrelevant in the processes of deserialization. So similarly, the output data is also independent and irrelevant in the processes of deserialization, it is relevant to its input only. Hence, in the similar way, the data deserialization processes along direction of axis X, Y, Z are independent and irrelevant, furthermore, they can be parallelization.
Simulation Experiments
Simulation Environments
The software and hardware of simulation platform are shown in Table 1 . Using PHANToM Desktop of STI, the force feedback devices communicate with simulation computer through the parallel port lines. The simulation computer, installing virtual model system, constitutes the environments of virtual model. OpenInventor Software Development Kit, which can assist force feedback to control the 1 kHz high frequency simulation cycle, is used to render and display the graphics bottom environments. 
Simulation Procedure
Robson and Crellin employed verbal protocol analysis in interface design [26] . We use the verbal protocol method in the processes of design and modeling. Transcription, segmenting, and coding of the text from the audio tapes allow us to describe the student design and modeling behavior of students.
In order to accommodate the force feedback simulation system, the scene refresh and the force rendering are disposed separately, as it is an effective treatment method when a system in a separate process.
In the virtual model system the graphics scene, the results of modeling are displayed; the interactive function is completed by the modeling tools, while in the force feedback scene, the simulation model based on the voxel scraping rate calculate the real-time feedback force through the voxels scraping volume generated per unit time in the modeling process, then the haptic effect is output through the force feedback devices.
The product form is generated by the Boolean operations between the modeling tools and the virtual models, such as intersection, difference and union operations [27] . Observing the scene graph, operators integrate visual sense and feedback force to operate the virtual model, judge the virtual model to match the purpose of design. Operating force feedback devices, determine the scraping volume to guide the direction and intensity of operation. The virtual model system simulation process is shown in Fig. 1 . In addition to being at different stages in their educational career, participants had varying levels of design experience. We collected students from arts, engineering and design discipline. Six freshmen and six seniors were contacted and asked to participate, in this research. The freshman and the senior group both consisted of two industrial design, two mechanical engineering and two visual communication students. The parameters and calculations are shown in Table 2 .
The virtual model of 15×15×15 (Length×Width×Height, mm, the same below) is selected to be simulated in virtual model system, modeling tool is the rectangle scraper as 20×10×0.5, filling tool is the semicircle scraper as 20×10×0.5, its radius is 5 mm. As most products incorporate some form of human interaction, this tactile advantage should be seen as highly desirable, particularly when interacting with students [28] . 12 participants were selected to complete the operation of scraping and filling several times to the same virtual cube model, the output calculation of the force feedback is shown as Fig. 2 . As shown in Table 3 , 12 participants were divided into two groups. Group-1 completed the modeling task in less than 35 minutes; Group-2 completed the modeling task for more than 32 minutes. The precision and modeling speed both depended on the students' proficiency of material characteristics and software. It was indicated form the experiments that students operate the software system more easily than physical model. Participants spent average 33.5 minutes to complete the virtual model. As for the evaluation phase, the operator's experience of seeing and touching is crucial for physical model, while in the virtual system, a specialized detection module can evaluate whether the surface is smooth or not. The great advantage of virtual model is the conversion of computer data. Data conversion output of virtual model only needs 1 minute. As can be seen, the numerical results of experiments and theoretical results are approximately consistent. In relative terms, filling operation is more indefinite than scraping operation. The final simulation results and the interface of virtual model system are shown in Fig. 3 .
Conclusion
Our results suggest that haptic force feedback techniques can simulate Visual and virtual Effects of physical model. The solution based on multi-threading parallel processing technology is introduced. The feedback force rendering mathematical modeling method with real-time force feedback interaction is presented, and the mathematical principles of modeling methods are employed to demonstrate that the mathematical model could be applied to engineering areas. With the proposed methodology, operators can virtually sculpt a stock volume to get an intuitive design by using the developed force feedback haptic interface. How to assist designers to express the innovation in the early stage of industrial design is the next research interests.
